New sequencing technologies such as Illumina/Solexa, SOLiD/ABI, and 454/Roche, revolutionized the biological researches. In this context, the SOLiD platform has a particular sequencing type, known as multiplex run, which enables the sequencing of several samples in a single run. It implies in cost reduction and simplifies the analysis of related samples. Meanwhile, this sequencing type requires an additional filtering step to ensure the reliability of the results. Thus, we propose in this paper a probabilistic model which considers the intrinsic characteristics of each sequencing to characterize multiplex runs and filter low-quality data, increasing the data analysis reliability of multiplex sequencing performed on SOLiD. The results show that the proposed model proves to be satisfactory due to: 1) identification of faults in the sequencing process; 2) adaptation and development of new protocols for sample preparation; 3) the assignment of a degree of confidence to the data generated; and 4) guiding a filtering process, without discarding useful sequences in an arbitrary manner.
Introduction
New sequencing technologies such as Illumina/Solexa, SOLiD/ABI and 454/ Roche, revolutionized biological researches [1] [2] . A large amount of data generated by these platforms, combined with the sequencing cost reduction, further increased investigations in the fields of genome, proteome, and transcriptome.
New applications, such as Personalized Medicine, have emerged as a result of the discovery and drugs development [3] . Moreover, works related to personalized cancer diagnosis and treatment also gained attention [4] . Due to this significant capillarity, researchers started focusing on the New Generation Sequencers.
They represent a challenge in computational tractability, regarding memory and performance, as a result of the large volume of data generated, usually above 100 million of short readings (32 -400 base pairs in length) per run [5] .
Initially, most studies in the area of bioinformatics tools focused only on software development, attempting to balance memory consumption and processing, to reduce the execution time of biological analysis, especially the task of alignment with a reference [6] . Currently, several tools are consolidated for Next-Generation Sequencing (NGS) platforms. Therefore, the efforts were directed to optimize the analysis process as a whole, considering the intrinsic platforms characteristics.
The SOLiD platform has a particular sequencing type called Multiplex Run, which enables the sequencing of several samples in a single execution. This feature is important to biomedical areas as it reduces costs and time for sequencing several samples. It occurs because the samples are prepared and submitted to the sequencer at the same time, thus minimizing the use of reagents and working hours of researchers. Besides, the multiplex run becomes more useful to the analysis of related samples. For example, it is possible sequencing a particular tumor tissue at different stages to compare gene expressions.
This research was motivated due to some gaps found in quality measurement tools for this sequencing type. Moreover, the area has only one proprietary tool that manipulates data from Multiplex Run, which is the Corona Lite Pipeline from Applied Biosystem. This tool is unable to perform investigations on the data quality and consistency. Aiming to tackle the gaps presented, we present in this paper a probabilistic approach to increase the reliability of data analysis from multiplex sequencing carried out on SOLiD, assigning a degree of confidence to the data generated. The proposed model can be used to guide the filtering process that respects the characteristics of each sequencing, without arbitrarily discarding useful sequences.
The remainder of this paper is organized as follows: a briefly theoretical background is given in Section 2; related works are discussed in Section 3; Section 4 describes the paper proposal; results and final remarks are presented in Sections 5 and 6, respectively.
Multiplex Sequencing on SOLiD System
In this section, the SOLiD system, as well as the multiplex sequencing, is pre- [2] . The developer claims that the feature of check two bases at a time increases the sequencing reliability [7] .
The sample preparation is done by fragmentation, adaptor ligation, hybridization to beads and emulsion PCR, similarly for the 454 systems [2] . The beads are then immobilized on a glass slide. The preparation proceeds adding a universal primer and fluorescently labeled oligonucleotide probes. The ligation reaction is based on probe recognition. As mentioned before, the probes used in SOLiD system interrogate two bases per reaction [8] . Four colored dyes are used in the SOLiD System, representing the four possible two-base combinations. The first base in the sequence is always from the universal primer. Then, the rest of the sequence can be infered from the color data obtained. Despite the benefits of this strategy, [9] states that this sequencing method has limited read lengths. Moreover, the computational infrastructure required is expensive.
Multiplex Sequencing
The SOLiD platform supports multiplex sequencing up to 256 samples in a single run in its second version. This task is performed by combining individual slides and a proprietary barcodes markup system from Applied Biosystem [7] [8]. Although the use of slides equipped with sites make the data retrieving process more reliable, they restrict the space for the beads containing the samples to be sequenced, thus, reducing the sequencing coverage.
To increase the density of the beads, and thereby to improve its coverage, SOLiD uses markers that are attached to the samples to allow data differentiation. Since physical separators are not employed, this process maximizes the sequencing space [7] [10]. In SOLiD, the markers presented [8] consist of six nucleotides, starting with Guanine. The systems uses only 16 out of the 1024 possible sequences, which were chosen based on their same melting temperature, low error rate and unique orthogonality in colorspace [7] . Table 1 presents the Barcodes available, represented both in colorspace and base space.
Related Works
As pointed out previously, literature has not explored multiplex sequencing reliability. Most investigations involving data quality assessment from SOLiD are based on heuristics and analyze only the sequences of interest [11] [12] [13] .
However, analyzing the markup system used in this type of sequencing is even more advantageous than analyzing the sequences of interest. It occurs due to the following reasons: 1) they are smaller, being directly proportional to the processing cost; 2) the sequences are in the second stage of sequencing, undergoing a unique degeneration process, different from sequences of interest. Consequently, the markup system reflects the sequencing quality as a whole.
Among the works that examine the SOLiD output reliability, [14] deserves attention. The authors analyzed the quality decay pattern, concluding that there is a high error probability from 20 bp, and the average Quality Value (QV) is less than 15. In order to improve data reliability, [14] developed a framework based on heuristics that filters readings with quality lower than 10.
Heuristics are useful for analyzing large sequences since algorithms based on it usually have less complexity. As a consequence, heuristics require less processing time compared to analytical algorithms. In contrast, analytical solutions improve reliability since they generate more accurate results [15] [16].
Another point that should be emphasized is that heuristic-based approaches are not indicated for analysis of ancestors or transcribed samples, which are more susceptible to degeneration time of DNA molecules [17] and have a greater contaminants presence [10] [18].
Cloud computing also has provided means to achieve reduced time consump- [22] .
Therefore, the development of a scalable approach to allow data quality evaluation in Multiplex Runs represents a gap in state of the art and state of practice models. Besides, the approach should identify exogenous agents responsible for degrading the process, and in which stages they act. Aiming to fill these gaps, we
proposed in this paper a probabilistic model which considers the intrinsic characteristics of each sequencing to characterize multiplex runs and filter lowquality data, increasing the data analysis reliability of multiplex sequencing performed on the SOLiD platform.
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Case Study
The biological material used to characterize the SOLiD markup system was derived from five cancer patients, with two samples extracted from each. From these ten samples, two sequencing activities were performed. Due to a systemic failure, the second run was divided in two. On average, 300 Gigabytes (GB) of text-files were produced in these sequencings process. 
Probabilistic Model
The model proposed is based on the Quality Values (QV) associated with dibase transitions. The QV ranges from −1 to 35, and for proprietary reasons, Applied Biosystem doesn't provide details on how this value is obtained nor the mapping function between the QV and the associated probability. Through an extensive literature review and exhaustive tests, we perceived that the following Equation (1) can be used to map the quality-probability and adapt the range of QVs reported by the SOLiD platform:
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As the range of the QVs includes a negative number, it was necessary to adjust it for further normalizing between zero and one, adding a unit (Q + 1). The result obtained by Equation (1) represents the probability associated with di-base detection. In other words, the probability of the sequence has not been an event of chance.
The readings were modeled as a Markov Chain to evaluate the degree of a sequences confidence. The first sequence nucleotide and the subsequent transitions represent states with transition probability P(Q). For better comprehension of the approach used, an example is given for the colorspace sequence: G00, with Quality Values 10 24, by the proposed quality-probability mapping, the transitions probabilities are 0.92057 and 0.99684, as shown in Figure 2 .
To calculate the degree of confidence of each sequence ( θ ), the probabilities of all existing transitions are multiplied, as shown in Equation (2) . For example in Figure 2 , the degree of confidence of "G00" is 0.91766.
( ) ( )
This probabilistic model allows: 1) the discovery of summary measures able to characterize the sequence from the markup system; 2) guide a flexible filtering process, respecting the intrinsic sequencing characteristics; 3) evaluate and improve the sequencing protocols used.
Sequencing Characterization
The search for summary measures of a given number of samples is a non-trivial 
Filtering
Despite the filtering scheme that uses as a threshold based directly on the Quality Value, the proposed model accepts as input a minimum value of the degree of confidence. It enables a better fit, since changes in the degree of confidence are more sensitive when compared to changes in the filtering methods that use the QV directly.
The use of the degree of confidence as an input parameter is also important to multiplex sequencing. For example, for a sequencing which presents a good average but a low matching rate, it is necessary to consider a higher threshold.
Whereas, in sequencing with optimal rates, it is possible to relax the threshold to maximize the recovery of readings. To evaluate the proposed approach, several filtering were performed using the QV and the degree of confidence as input parameters. As assessment criterion, the rate of filtered sequences was used, which represents the number of sequences number that were above the threshold, and the match with barcodes used in the experiment.
Results and Discussion
To analyze the data presented in Case Study section a series of ad hoc scripts were implemented. The following subsections present the summary measures and the filtering results. 
Multiplex Sequencing Evaluation
The summary measures calculated for the case study data are shown in Table 2 .
The Rate of Paired Sequence aims to evaluate issues in the pre-filtering step, which is performed by the SOLiD platform during the sequencing. A low pairing rate characterizes a low quality of readings. In this scenario, the readings are the sequences of interest and the markup used in the multiplex sequencing. As shown in Table 2 Another pertinent scenario it is the low match in the last two sequencings, it can be concluded that problems occurred in the beads amplification stages or contamination in the barcodes preparation.
To improve the sequencing characterization, Probability Density Function (PDF) histograms were generated by Sturges interval. The graphs for runs C1, C2 and C3 are, respectively, Figures 3(a) -(c). The graphs present the expected behavior given the statistical information contained in Table 2 . Figure 3 and Figure 3 (c) shows the shows the C2 and C3 sequencing behavior. It should be noted that C2 and C3 are part of the same sequencing-the same samples were used. However, due to a systemic power failure during the process, the run was divided in two, in which C2 being the most affected by the power surges.
Analyzing the C3 behavior, it is perceived an increase of high-quality readings. However, it is important to notice that the longer the time between sample F. M. F. Lobato et al.
preparation and sequencing, the greater the natural decay of the magnetic metal beads, to which the sequences are attached. It decreases the light intensity detected by the fluorochromes and, therefore, the quality of the readings. These facts explain the larger presence of low-quality readings in C3 when compared to C1 and justify the need to filter the data with low quality.
Filtering Results
The first filtering was conducted using QV as input. It was observed that small variations in the input parameter imply in discrepancies in the number of sequences that did not pass the filters threshold. However, as the degree of confidence was used, the changes are less abrupt, especially for lower confidence values. These changes are shown in Table 3 .
Analyzing the data obtained by the model application, it was possible to observe that the C2 and C3 filtered sequences rate are lower and in line with the characteristics identified previously. As one of the requirements of the approach is scalability, filtering based on Degree of Confidence is more useful, given that for large sequences (e.g. sequences of interest) the fine-tuning provides a better filter control.
As criteria for assessing the filtering, the Match with Barcodes used in the experiment was selected as a parameter. Table 4 presents the results obtained. The results are consistent with the expected: there were no large differences between the filtering schemes. In both cases, the anomaly of C2 was proved, while C1 and C3 showed the expected behavior: when the threshold filtering increases, the match also increases.
Summary and Conclusion
Multiplex sequencing allows the analysis of many samples at the same time, reducing costs, and also becoming more useful to the analysis of related samples.
Despite the advantages of this kind of sequencing, it requires a careful evaluation of the markers in order to assure that the readings will not be interchanged among the multiple samples sequenced. Given the importance of a high reliability in this kind of analysis, we present in this paper a probabilistic model suitable to evaluate the quality of multiplex sequencing runs performed on the SOLiD platform. Besides, we also propose a filtering strategy using the degree of confidence obtained from the proposed model.
The experimental results showed that the proposed model is suitable to assess multiplex sequencing. Moreover, the adoption of our filtering strategy has been proven more useful because it provides softer cutoff points. In summary, the main contributions of this work rely on what the model allows: 1) identification of faults in the sequencing process; 2) adaptation and development of new protocols for sample preparation; 3) assignment of a degree of confidence to the data generated; 4) and having potential to guide a filtering process that respects the characteristic of each sequencing, without discarding useful sequences in an arbitrary manner.
